Background: Identifying relevant studies for inclusion in a systematic review (i.e. screening) is a complex, laborious and expensive task. Recently, a number of studies has shown that the use of machine learning and text mining methods to automatically identify relevant studies has the potential to drastically decrease the workload involved in the screening phase. The vast majority of these machine learning methods exploit the same underlying principle, i.e. a study is modelled as a bag-of-words (BOW).
Background
The screening phase of systematic reviews aims to identify citations relevant to a research topic, according to a certain pre-defined protocol [1] [2] [3] [4] known as the Population, the Intervention, the Comparator and the Outcome (PICO) framework. This framework seeks to identify the Population, the Intervention, the Comparator and the Outcome. This process is usually performed manually, which means that reviewers need to read thousands of citations during the screening phase, due to the rapid growth of the biomedical literature [5] , making it an expensive and time-consuming process. According to Wallace et al. [6] , an experienced reviewer is able to screen *Correspondence: maxmo2009@gmail.com School of Computer Science, National Centre for Text Mining, The University of Manchester, Manchester, UK two abstracts per minute on average, with more complex abstracts taking longer. Moreover, a reviewer needs to identify all eligible studies (i.e. 95-100 % recall) [7, 8] in order to minimise publication bias. The number of relevant citations is usually significantly lower than the number of the irrelevant, which means that reviewers have to deal with an extremely imbalanced datasets. To overcome these limitations, methods such as machine learning, text mining [9, 10] , text classification [11] and active learning [6, 12] have been used to partially automate this process, in order to reduce the workload, without sacrificing the quality of the reviews. Many approaches based on machine learning have shown to be helpful in reducing the workload of the screening phase [10] . The majority of reported methods exploit automatic or semiautomatic text classification to assist in the screening phase. Text classification is normally performed using the bag-of-words (BOW) model. The model assumes that the words in the documents are used as features for the classification, but their order is ignored. One of the problems of the BOW model is that the number of unique words that appear in a complete corpus (a collection of documents) can be extremely large; using such a large number of features can be problematic for certain algorithms. Thus, a more compact representation of documents is necessary to allow machine learning algorithms to perform more efficiently. In contrast to previous approaches that have used only BOW features, in this study, we systematically compare the two feature representations (Latent Dirichlet allocation (LDA) features and BOW features). Additionally, we investigate the effect of using different parameters (kernel functions) on the underlying classifier (i.e. support vector machine (SVM)).
Topic analysis
Topic analysis is currently gaining popularity in both machine learning and text mining applications [13] [14] [15] [16] . A topic model is normally defined as an approach for discovering the latent information in a corpus [17] . LDA [18] is an example of a probabilistic topic modelling technique [19] , which assumes that a document covers a number of topics and each word in a document is sampled from the probability distributions with different parameters, so each word would be generated with a latent variable to indicate the distribution it comes from. By computing the extent to which each topic is represented in a document, the content of the document can be represented at a higher level than possible using the BOW approach, i.e. as a set of topics. The generative process of LDA follows the below steps to generate a document w in a corpus D, while Table 1 gives a list of all involved notation:
• For each word w n in document m:
multinomial probability conditioned on the topic z n . The hyperparameters α and β are the parameters of the prior probability distributions which facilitate calculation. The hyperparameters are initialized as constant values. They may be considered as hidden variables which require estimation. The joint probability, i.e. the complete-data likelihood of a document, can be specified according to Fig. 1 . The joint probability is the basis of many other derivations [20] .
Besides LDA, there are many other approaches for discovering abstract information from a corpus. Latent semantic analysis [21] makes use of singular value decomposition (SVD) to discover the semantic information in a corpus; SVD is a factorization of matrix which has many applications in statistics and signal processing. Unlike other topic models producing results, an approach [22] based on the anchor-word algorithm [23] provides an efficient and visual way for topic discovery. This method firstly reduces the dimensions of words co-occurrence matrix into two or three, then identify the convex hull of these words, which can be considered as a rubber band holding these words. The words at anchor points are considered as topics.
Related work
Automatic text classification for systematic reviews has been investigated by Bekhuis et al. [24] who focussed on using supervised machine learning to assist with the screening phase. Octaviano et al. [25] combined two different features, i.e. content and citation relationship between the studies, to automate the selection phase as much as possible. Their strategy reduced workload by 58.2 %. Cohen et al. [26] compared different feature representations for supervised classifiers. They concluded that the best feature set used a combination of n-grams and Medical Subject Headings (MeSH) [27] features. Felizardo et al. developed a visual text mining tool that integrated many text mining functions for systemic reviews and evaluated the tool with 15 graduate students [28] . The results showed that the use of the tool is promising in terms of screening burden reduction. Fiszman et al. [29] combined symbolic semantic processing with statistical methods for selecting both relevant and high-quality citations. Frimza et al. [30] introduced a per-question classification method that uses an ensemble of classi- fiers that exploit the particular protocol used in creating the systematic review. Jonnalagadda et al. [31] described a semi-automatic system that requires human intervention. They successfully reduced the number of articles that needed to be reviewed by 6 to 30 % while maintaining a recall performance of 95 %. Matwin et al. [32] exploited a factorised complement naive Bayes classifier for reducing the workload of experts reviewing journal articles for building systematic reviews of drug class efficacy. The minimum and maximum workload reductions were 8.5 and 62.2 %, respectively, and the average over 15 topics was 33.5 %. Wallace et al. [12] showed that active learning has the potential to reduce the workload of the screening phase by 50 % on average. Cohen et al. [33] constructed a voting perceptron-based automated citation classification system which is able to reduce the number of articles that needs to be reviewed by more than 50 %. Bekhuis et al. [34] investigated the performance of different classifiers and feature sets in terms of their ability to reduce workload. The reduction was 46 % for SVMs and 35 % for complement naive Bayes classifiers with bag-of-words extracted from full citations. From a topic modelling perspective, Miwa et al. [8] firstly used LDA to reduce the burden of screening for systematic reviews using an active learning strategy. The strategy utilised the topics as another feature representation of documents when no manually assigned information such as MeSH terms is available. Moreover, the author used topic features for training ensemble classifiers. Similarly, Bekhuis et al. [35] investigated how the different feature selections, including topic features, affect the performance of classification.
Methods
Results obtained by Miwa et al. [8] showed that LDA features can significantly reduce the workload involved in the screening phase of a systematic review. Building on previous approaches, we investigate how topic modelling can assist systematic reviews. By using topics generated by LDA as the input features for each document, we train a classifier and compare it with a classifier trained on the BOW representation. Technical terms extracted by the TerMine term extraction web service [36] were located in each document to allow them to be represented as a set of words and terms which would make topics more readable and eliminate ambiguity. The objectives of this paper are the following:
• To investigate whether LDA can be successfully applied to text classification in support of the screening phase in systematic reviews.
• To compare the performance of two methods for text classification: one based on LDA topics and the other based on the BOW model.
• To evaluate the impact of using different numbers of topics in topic-based classification.
Experimental design
In order to carry out a systematic comparison of the two different approaches to text classification, our study is divided into two parts. Firstly, we evaluate the baseline approach, i.e. an SVM using BOW features. This SVM classifier is created using LIBSVM [37] . The second part of the experiment involves applying LDA for modelling topic distribution in the datasets, followed by the training of an SVM-based classifier using the topic distribution as features. Documents in the dataset are randomly and evenly spilt into training and test sets, keeping the ratio between relevant and irrelevant documents in each set the same as the ratio in the entire dataset. Henceforth, in this article, the documents relevant to a topic (i.e. positively labelled instances) are referred to as "relevant instances". BOW features are weighted by term frequency/inverse document frequency (TF-IDF) as a baseline. The topic-based approach applies LDA to produce a topic distribution for each document. We used Gensim [38] , an implementation of LDA in Python, to predict the topic distribution for each document. The topic distributions are utilised for both training and testing the classifier and evaluating the results. Other modelling strategies and classifiers (e.g. knearest neighbours) were also explored. However, since they failed to obtain robust results, we do not present further details.
To evaluate the classifiers, the standard metrics of precision, recall, F-score, accuracy, area under the receiver operating characteristic curve (ROC) and precision-recall curve (PRC). However, in our case, accuracy was found not to be a suitable indicator of an effective performance, due to the significant imbalance between relevant and irrelevant instances in the dataset; this ratio is 1:9 approximately for each corpus (Table 2) which will be introduced later. Based upon this ratio, weights are added to every training instance in order to reduce the influence caused by imbalanced data [39] . In evaluating classification performance, we place a particular emphasis on recall since, as explained above, high recall is vital to achieve inclusiveness, which is considered to be such an important factor in the perceived validity of a systematic review.
Since most of our corpora are domain-specific, noncompositional multi-word terms may lose their original meaning if we split such terms into constituent words and ignore word order and grammatical relations. Thus, multi-word terms are automatically extracted using TerMine, which is a tool designed to discover multi-word terms by ranking candidate terms from a part-of-speech (POS) tagged corpus according to C-value [36] . Candidate terms are identified and scored via POS filters (e.g. adjective*noun+). A subset of these terms is extracted by defining a threshold for the C-value. TerMine makes use of both linguistic and statistical information in order to identify technical terms in a given corpus with the maximum accuracy. There are some other topic models that attempt to present multi-word expressions in topics. For example, the LDA collocation model [40] introduced a new latent variable to indicate if a word and its immediate neighbour can constitute a collocation. Unlike the methods mentioned, the advantage of TerMine is that it is applied independently of the topic modelling process. Thus, once it has been used to locate terms in a corpus, different topic models can be applied, without having to re-extract the terms each time the parameters of the topic model are changed. It is also important to note that long terms may have other shorter terms nested within them. Such nested terms may also be identified by TerMine. For example, "logistic regression model" contains the terms "logistic regression" and "regression model". However, there is no doubt that the original term "logistic regression model" is more informative. Thus, our strategy to locate the terms is that the longer terms are given higher priority to be matched and our maximum length for a term is four tokens.
As for parameter tuning, all the experiments have been performed with default parameters for classifiers and symmetry hyperparameters for LDA, which means that every topic will be sampled with equal probability. 
Results and discussion
We performed our experiments using five datasets corresponding to completed reviews, in domains of social science and clinical trials. These reviews constitute the "gold standard" data, in that for each domain, they include expert judgements about which documents are relevant or irrelevant to the study in question. The datasets were used as the basis for the intrinsic evaluation of the different text classification methods. Our conclusions are supported by the Friedman test (Table 3) which is a nonparametric test that measure how different three or more matched or paired groups are based on ranking. Given that the methods we applied produced roughly comparable patterns of performance across each of the five different datasets, we report here only on the results for one of the corpora. However, the specific results achieved for the other corpora are included as supplementary material (Additional file 1).
Dataset
We applied the models to three datasets provided by the Evidence Policy and Practice Information and Coordinating Center (EPPI-center) [41] and two datasets previously presented in Wallace et al. [6] . These labelled corpora include reviews ranging from clinical trials to reviews in the domain of social science. The datasets correspond specifically to cigarette packaging, youth development, cooking skills, chronic obstructive pulmonary disease (COPD), proton beam and hygiene behaviour. Each corpus contains a large number of documents and, as mentioned above, there is an extremely low proportion of relevant documents in each case. For example, the youth development corpus contains a total of 14,538 documents, only 1440 of which are relevant to the study. Meanwhile, the cigarette packaging subset contains 3156 documents in total, with 132 having been marked as relevant. Documents in the datasets were firstly prepared for automatic classification using a series of pre-processing steps consisting of stop-word removal, conversion of words to lower case and removal of punctuation, digits and the words that appear only once. Finally, word counts were computed and saved in a tab-delimited format (SVMlight format), for subsequent utilisation by the SVM classifiers. Meanwhile, TerMine was used to identify multi-word terms in each document, as the basis for characterising their content. Preliminary experiments indicated that only Table 4 shows the performance of the SVM classifiers trained with TF-IDF features when applied to all corpora. Due to the imbalance between relevant and irrelevant instances in the dataset, each positive instance was assigned a weight, as mentioned above. Default values for SVM training parameters were used (i.e. no parameter tuning was carried out), although three different types of kernel functions were investigated, i.e. linear, radial basis function (RBF) and polynomial (POLY). Unlike the linear kernel that aims to find a unique hyperplane between positive and negative instances, RBF and POLY can capture more complex distinctions between classes than the linear kernel. As illustrated in Fig. 2 , the BOW-based classification achieves the best performance when the linear kernel function is used. However, it is necessary to recall that the ratio of positively (i.e. relevant) to negatively (i.e. irrelevant) labelled instances is approximately 1:9 in our corpora. Hence, even if a classifier labels all test samples as irrelevant instances, a very-high accuracy will still be obtained. However, for systematic reviews, it is most important to retrieve the highest possible number of relevant documents; recall is a much better indicator of performance than accuracy. Secondly, both the RBF and polynomial kernel functions obtained zero for precision, recall and F 1 -score. This can be attributed to the imbalanced nature of the corpora [42] . Additionally, the BOW representation produces a high dimensional space (given the large number of unique words in the corpora). In this high dimensional space, the two non-linear kernels (RFB and POLY) yield a very low performance.
BOW-based classification

Topic-based classification
Topic-based classification was undertaken by firstly analysing and predicting the topic distribution for each document and then classifying the documents using topics as features. During the phase of training the model, the topic assigned to each word in a document can be considered as a hidden variable, this problem can be solved by using approximation methods such as Monte Carlo Markov chain (MCMC) or variational inference. However, these methods are sensitive to initial parameter settings which are usually set randomly before the first iteration. Consequently, the results could fluctuate within a certain range. The results produced by topic-based classification are all average results. However, our results show that topic distribution is an ideal replacement for the traditional BOW features. Besides other advantages, the most obvious advantage of which is to reduce the dimensions of features for representing a document. Experimental settings were identical in the evaluation of the two sets of classifiers, except for the features being topic distributions in one case and BOW in the other. The optimal LDA model was derived through experimentation with differing numbers of topics (which can also be referred to as "topic density"). In the experiments performed, several values for this parameter were explored. Table 5 shows the results of the evaluation of SVM models trained with topic distribution features using linear, RBF and POLY kernel functions, respectively. We show how the performance varies according to different topic density values for the LDA model. These values were varied from 2 to 100 (inclusive), in increments of 10, and from 100 to 500 in increments of 100 approximately. Generally, each topic density would correspond to a certain size of corpus and vocabulary. Empirically, the larger the size of the corpora and vocabulary, the greater the number of topics that is needed to accurately represent their contents, and vice versa. Tables 6 and 7 show two samples of sets of words and/or terms that are representative of a topic in the same corpus (youth development). Termenriched (TE) topics include multi-word terms identified by TerMine as well as single words, whilst ordinary topics consist only of single words. From the tables, it can be clearly seen that term-enriched topics are more distinctive and readable than single-word topics. As the classification performance was similar to the single-word topic-based a table like Table 5 will not be presented here. However, a comparison of the classification performance for the three approaches, i.e. BOW-based, topicbased and TE-topic-based will be presented in the next section.
Comparison of approaches
A comparison of the performance of the BOW-based model (BOW in legend) against the performance of models trained with topic-based model (TPC) and term enriched-topic model (TE) is presented in this section. According to the results of using a linear function for model training (Fig. 2) , models based on topic and TEtopic distribution features yield lower precision, F-score, ROC and PRC but obtain higher recall. For this comparison, the best performing topic-based model (with topic density set to 150 for youth development corpus) was used. It can be observed from Fig. 2 that the BOWbased model outperforms the topic-and TE-topic based one in terms of all metrics except for recall. Figures 3  and 4 illustrate the results of using RBF and POLY kernel functions, respectively, in training BOW, topic-based models and TE-topic-based model on the youth development corpus. It can be observed that employing these kernels, the SVM models trained with topic and TEtopic distributions outperform those trained with BOW features by a large margin. Another observation is that training using RBF and POLY kernel functions significantly degraded the performance of BOW-based models. Using RBF and POLY kernel functions, the BOW-based classifiers perform poorly, with zero in precision, recall and F-score. As noted earlier, high accuracy is not a good basis for judging performance due to the imbalance between positive and negative instances, i.e. even if a classifier labels every document as a negative sample, accuracy will still be around 90 %. Figure 5 gives the comparison of different kernel functions using topic features on the youth development corpus, indicating that taking all measures into account, a linear kernel function gave the best overall performance, achieving the highest score in every metric other than recall. However, both RBF and POLY kernel functions outperformed linear, albeit by only 4 %, on the recall measure, which we have identified as highly pertinent to the systematic review use-case. We used a generic list of kernel functions ranked from high to low in terms of recall for topic-based and TEtopic-based feature in Table 8 : POLY> RBF >LINEAR. For a ranked list of feature types in terms of recall, 
Conclusions
Our experiments demonstrated that the performance of BOW SVM with linear kernel function has produced the most robust results achieving the highest values in almost every metric, except for recall. But on any systematic reviews classification task, poor performance in recall needs to be addressed. The BOW model yielded a poor performance with RBF and POLY kernel functions due to the data imbalance and dimensionality issue. Topic-based classification significantly addresses this problem by dramatically reducing the dimensionality of the representation of a document (topic feature). The topic-based classifier yielded a higher recall, which means more relevant documents will be identified. Moreover, the topic features enable the classifier to work with RBF and POLY kernels and produce better recall comparing with a linear kernel. The same patterns were observed in all corpora, although there is only one example presented in this article.
As future work, we will further investigate the generalisability of the model to diverse domains. Moreover, we plan to explore different machine learning and text mining techniques that can be used to support systematic reviews such as paragraph vectors and active learning. Also, further experiments will be performed in a more realistic situation. For example, whether topics could help reviewers' decision in "live" systematic review would be an interesting research area in the future. An intuitive image of TE topics has been made in this article. For public health reviews where topics are multidimensional, the presence of diverse multi-word terms in a dataset can be an important element that affects the performance of classifiers. But TE topics have the potential to deal with these difficulties. Further investigation on TE topics will be performed, which would benefit reviewers and help them to understand topics more easily compared to ordinary topics.
